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The sensitivity of polarization observables in the reaction NN → NNφ
slightly above the threshold is studied with respect to the details of the one-
boson exchange model and a possible admixture of hidden strangeness in the
nucleon. It is shown that the finite-energy predictions differ strongly from the
threshold predictions. A measurement of the beam - target asymmetry and
the φ decay anisotropy can help to disentangle the role of various reaction
mechanisms.
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I. INTRODUCTION
The investigation of the reaction NN → NNφ is interesting for several reasons. First,
the elementary total cross section [1] is an important input for the calculation of the φ
production in heavy-ion collisions [2]. In this case one might expect some change of the φ
width [3] due to the coupling to the decay channel φ→ K+K− and peculiarities according
to the in-medium modification of the kaon properties [4,5]. Indeed, such measurements are
under way with the 4π detector FOPI at SIS in GSI/Darmstadt [6]. The electromagnetic
decay channel φ → e+e− will be investigated with the spectrometer HADES [7] also in
GSI. A threshold-near measurement of the total cross section of the reaction pp→ ppφ has
been performed at SATURNE [8] and precision measurements of polarization observables
are envisaged with the ANKE spectrometer at the cooler synchrotron COSY in Ju¨lich [9].
Second, the φ meson is thought to consist mainly of strange quarks, i.e. ss¯, with a
rather small contribution of the light u, d quarks. According to the OZI rule (cf. [10] for
references) the φ production should be suppressed if the entrance channel does not possess
a considerable admixture of hidden or open strangeness. Indeed, the recent experiments on
the proton annihilation at rest (cf. [10] for a compilation of data) point to a large apparent
violation of the OZI rule, which is interpreted [10] as a hint to an intrinsic ss¯ component in
the proton. However, the data can be explained by modified meson exchange models [11]
without any strangeness content of nucleon or OZI rule violation. On the other hand the
analysis of the πN sigma term [12] suggest that the proton might contain a strange quark
admixture as large as 20%. Thus this issue remains rather controversial.
Therefore it is tempting to look for other observables [10,13] that are directly related to
the strangeness content of the nucleon. In Ref. [14] it is shown that polarization observables
of the φ photoproduction are sensitive even to a small strangeness admixture in the proton.
Other investigations concern the polarization observables in pp → ppφ reactions at the
threshold [10,15]. It is found [15] that spin and parity conservation arguments result in a
precise prediction for the beam - target asymmetry
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CBTzz =
dσ(Si = 1)− dσ(Si = 0)
dσ(Si = 1) + dσ(Si = 0)
(1)
for the pp→ ppφ reaction at the threshold, CBTzz = 1, where Si is the total spin in the entrance
channel. It is further claimed [15] that the elements of the decay density matrix ρr r′ (for
notation see below) amount ρ00 = 0, ρ±1±1 =
1
2
. Real experiments, however, are performed
at some finite energy above the threshold, and therefore the problem arises whether the
threshold predictions are modified. More generally one should investigate the sensitivity
of polarization observables to the strangeness admixture in the proton. An analysis of the
threshold-near behavior of the unpolarized cross section is a necessary prerequisite, of course.
In the present work we employ a one-boson exchange (OBE) model to consider these
mentioned issues. In Section II we present expressions for the kinematics, cross sections and
spin density matrix. In Section III we describe our OBE approach. Section IV is devoted to
parameter fixing. The threshold limit is analyzed in Section V. The results at finite energy
above threshold are discussed in Section VI and summarized in Section VII.
II. KINEMATICS AND OBSERVABLES
The corresponding cross section of φ production in the reaction a+ b→ c+ d+φ, where
a, b and c, d label the incoming and outgoing nucleons (cf. Fig. 1), is related to the invariant
amplitude T as
dσ =
1
2(2π)5
√
s(s− 4M2N)
|T |2 dpc
2Ec
dpd
2Ed
dq
2Eφ
δ(4)(Pi − Pf). (2)
where pn = (En, pn) with n = a, b, c, d and q = (Eφ,q) are the four-momenta of the nucleons
and the φ meson in the center of mass system (c.m.s.), respectively. Hereafter θ denotes the
polar φ meson angle, s = Ea+Eb is the total c.m.s. energy, and Pi,f is the total 4-momentum
of the initial or final states. We use a coordinate system with z ‖ pa, y ‖ pa×q. Among the
five independent variables for describing the final state we choose Eφ, Ωφ and Ωc. Then the
energy Ec of particle c is defined by
Ec =
AB ± C
√
B2 −M2N(A2 − C2)
A2 − C2 , (3)
with A = 2(
√
s−Eφ), B = s−2Eφ
√
s+M2φ , C = 2q cos θqpc , where θqpc is the angle between
q and pc determined by cos θqpc = cos θ cos θc + sin θ sin θc cos(ϕ− ϕc); the unindexed polar
and azimuthal angles θ and φ belong to the vector q. In calculations one has to use both
solutions of Eq. (3) according to the considered kinematics. Finally, the fivefold differential
cross section reads
d5σ
dEφdΩφdΩc
=
1
8(2π)5
√
s(s− 4M2N )
|T |2 qp
2
c
|Apc + CEc| . (4)
The total cross section is found by integration of over the available phase space.
3
One can consider the asymmetry Eq. (1) with integrated cross section or differential cross
sections. In the general case the asymmetry depends also on Eφ, Ωφ and Ωc.
We consider the decay angular distributionW of the φ meson in its helicity system where
the φ is at rest. The quantization axis z′ is chosen along the φ meson velocity in the overall
c.m.s., and the y′ axis is parallel to the vector pa × q. The decay angles Θ, Φ are defined
as polar and azimuthal angles of the direction of flight of one of the decay particles in the φ
meson’s rest frame. The decay angular distribution then reads
dN
d cosΘdΦ
≡ W(cosΘ,Φ) =∑
r,r′
M(r; Θ,Φ) ρrr′ M
∗(r′; Θ,Φ), (5)
where M(r; Θ,Φ) is the decay amplitude, M(r; Θ,Φ) = M0 d
1∗
r,λα−λβ
(Φ,Θ,−Φ), with r as
the helicity of φ meson; λα,β denotes the helicity of decay particles and |M0|2 is proportional
to the decay width; D1r,r′ stands for Wigner’s rotation function. The angular distribution is
normalized as ∫
W(cosΘ,Φ)dΩ = 1. (6)
The density matrix ρrr′ is expressed in terms of the production amplitudes T
r
β
ρrr′ =
∑
β T
r
β T
r′∗
β∑
r,β T
r
β T
r ∗
β
, (7)
where β denotes a set of unobserved quantum numbers.
Assuming that in φ → K+K− and φ → e+e− decays λα − λβ = 0 (i.e. λα − λβ = ±1),
and using the explicit form of the rotation function we get
WK+K−(cosΘ,Φ) = 3
4π
[
1
2
(ρ11 + ρ−1−1) sin
2Θ+ ρ00 cos
2Θ
+
1√
2
(−Reρ10 + Reρ−10) sin 2Θ cosΦ + 1√
2
(Imρ10 + Imρ−10) sin 2Θ sinΦ
− Reρ1−1 sin2Θcos 2Φ + Imρ1−1 sin2Θ sin 2Φ ] , (8)
We+e−(cosΘ,Φ) = 3
8π
[
1
2
(ρ11 + ρ−1−1)(1 + cos
2Θ) + ρ00 sin
2Θ
+
1√
2
(Reρ10 − Reρ−10) sin 2Θ cosΦ− 1√
2
(Imρ10 + Imρ−10) sin 2Θ sinΦ
+
1
2
Reρ1−1 sin
2Θcos 2Φ− 1
2
Imρ1−1 sin
2Θ sin 2Φ ] . (9)
The decay distributions integrated over the azimuthal angle depend only on the diagonal
matrix elements,
WK+K−(cosΘ) = 3
4
(1− ρ00)
(
1 +BK
+K− cos2Θ
)
,
We+e−(cosΘ) = 3
8
(1 + ρ00)
(
1 +Be
+e− cos2Θ
)
, (10)
4
where we use the normalization condition ρ11 + ρ−1−1 + ρ00 = 1 and introduce the φ decay
anisotropies B
BK
+K− = −(1− 3ρ00)/(1− ρ00),
Be
+e− = (1− 3ρ00)/(1 + ρ00). (11)
III. ONE-BOSON EXCHANGE MODEL
Similar to previous analyses of the bremsstrahlung in pp reactions [16] we use here the
OBE model to parameterize the interaction in the reaction NN → NNφ by the set of
relevant tree level diagrams with one meson exchange line. These reaction channels are
depicted in Fig. 1. In diagram 1a the φ is produced in an internal conversion in a φρπ vertex,
while diagram 1b is the contribution of the φ ”bremsstrahlung” due to a finite coupling of
the φ to the nucleon current, which might arise microscopically from the coupling of the φ
to the kaon cloud around the nucleon. Diagram 1c depicts a more exotic channel, namely
the φ shake-off reaction by the internal virtual meson flow analog to the φ photoproduction
[14,17]. It represents the emission from the vertex. (As alternative one could consider the
ss¯ knock-out, but we assume here that the corresponding meson-ss¯-φ coupling constants are
small.) Within the OBE model the diagrams 1a - c cover basically all reaction mechanisms.
One expects that diagram 1a represents the dominating contribution to the OBE mechanism,
and we call this process hereafter the conventional or pure OBE contribution.
A. Emission from internal meson line
This part of our OBE model is similar to the previously employed model [2]. The meson-
nucleon and the φρπ interaction Lagrangians read in obvious standard notation
LMNN = −igpiNN N¯γ5τpiN − gρNN
(
N¯γµτNρ
µ − κρ
2MN
N¯σµντN∂νρµ
)
, (12)
Lφρpi = gφρpi ǫµναβ ∂µφν Tr(∂αρβπ), (13)
where Tr(ρπ) = ρ0π0 + ρ+π− + ρ−π+, and bold face letters denote isovectors. All coupling
constants are dressed by monopole form factors Fi = (Λ
2
i −m2i )/(Λ2i − k2i ), where ki is the
four-momentum of the exchanged meson.
The total invariant amplitude is the sum of 4 amplitudes
T rα =
∑
mc,d
(
ξ1αT
r[ab; cd] + ξ2αT
r[ab; dc] + ξ3αT
r[ba; dc] + ξ4αT
r[ba; cd]
)
(14)
with ξ1pp = ξ
3
pp = −ξ2pp = −ξ4pp = 1, ξ1pn = ξ3pn = −1, ξ2pn = ξ4pn = 2. The last two terms
stem from the antisymmetrization or from charged meson exchange for pp or pn reactions,
respectively. The first term in Eq. (14) for the pp reaction reads
T rmcmd;mamb [ab; cd] = K(k
2
pi, k
2
ρ) Πmdmb(pb, pd)W
r
mcma(pa, pc) (15)
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with
K(k2pi, k
2
ρ) =
gpiNN gρNN gφρpi
(k2pi −m2pi)(k2ρ −m2ρ)
Λ2pi −m2pi
Λ2pi − k2pi
Λ2ρ −m2ρ
Λ2ρ − k2ρ
Λρ 2φρpi −m2ρ
Λρ2φρpi − k2ρ
Λpi 2φρpi −m2pi
Λpi2φρpi − k2pi
,
Πmdmb(pb, pd) = u¯(pd, md)γ5 u(pb, mb),
W rmcma(pa, pc) = i ǫµναβ k
µ
ρ Σ
ν
mcma(kρ) q
α
φ ε
∗ r,β,
Σνmcma(kρ) = u¯(pc, mc)
[
γν − i κρ
2MN
σνν
′
kρν′
]
u(pa, ma). (16)
Here εr,β denotes the φ polarization four-vector, andma...md are the nucleon spin projections
on the quantization axis, and kρ = pc − pa, kpi = pb − pd; u stands for a Dirac bispinor.
Detailed expressions of the functions Π,W and Σ are displayed in the Appendix.
The amplitude in the φ helicity frame is obtained from the amplitude in the c.m.s. by a
standard Wigner rotation.
B. Emission from external legs
The amplitude of direct φ meson emission from the nucleon legs according to Fig. 1b
is calculated similar to the real or virtual photon bremsstrahlung [18,19] in the few GeV
region. The φNN vertex has the same structure as the ρNN interaction (cf. second part of
Eq. (12)), i.e., it possesses vector and tensor parts. Following Ref. [20] we use gφNN = −0.24
and κφ = 0.2.
The internal zig-zag lines in Fig. 1b correspond to a suitably parameterized NN inter-
action in the form of the Born term of the OBE model with effective coupling constants
and cut-off parameters and may be interpreted as effective π, ω, ρ, σ meson exchanges. We
would like to stress that this is an effective dynamical model which is appropriate in the
few GeV region and which is different from the OBE model in the conventional sense. This
model has been applied successfully to different reactions [18,19,16] and this encourages us
to employ it for the φ production too.
The total amplitude for the process 1b consists of 4 · 8 contributions and has a similar
structure as Eq. (14), where T [ab; cd] now reads
T r[ab; cd] = −gφNN
∑
m=pi,σ,ρ,ω
(u¯(pc) [Γ
mΩr1 + Ω
r
2Γ
m]u(pa)) [−iDm] (u¯(pd)Γmu(pb)) ,
Ωr1 =
pˆ1 +MN
p21 −M2N
ε∗µ
r[γmu+ i
κφ
2MN
σµνqν ], Ω
r
2 = ε
∗
µ
r[γµ + i
κφ
2MN
σµνqν ]
pˆ2 +MN
p22 −M2N
. (17)
Here we use the notation p1 = pa − q, p2 = pc + q, and Γm and Dm are effective coupling
vertices and propagators of the two-body T matrix, respectively,
Dpi/σ =
i
k2 −m2pi/σ
, Dρ/ωµν = −i
gµν − kµkν m−2ρ/ω
k2 −m2ρ/ω
,
Γpi = −igpiNNγ5, Γσ = gσNN , Γρ/ωµ = −gρ/ω NN
(
γµ + i
κρ/ω
2MN
σµνkν
)
, (18)
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where k is the momentum of virtual meson and gmNN is the corresponding coupling constant
which is dressed by the above form factors. The explicit expression of the total amplitude
is rather cumbersome and will not displayed it here. The most economic way to evaluate
this amplitude is a direct numerical calculation of the Feynman diagrams including the
spinor algebra. This method has been checked in a number of examples (including the OBE
amplitude in Fig. 1a).
C. Emission from vertex
The main ingredient of the φ shake-off mechanism (cf. Fig. 1c) is the assumption that
the constituent quark wave function of the proton contains, in addition to the usual uud
component, a configuration with an explicit ss¯ contribution [17,21]. A simple realization of
this picture is the following wave function in the Fock space [17]
|p〉 = A|[uud]1/2〉+B
{
a0|[[uud]1/2 ⊗ [ss¯]0]1/2〉+ a1|[[uud]1/2 ⊗ [ss¯]1]1/2〉
}
, (19)
where B2 denotes the strangeness admixture (|A|2+ |B|2 = 1), and a20,1 = 12 are the fractions
of the ss¯ pair with spin 0 and 1. The superscripts represent the spin of each cluster, and
⊗ indicates the vector addition of spins of the uud and ss¯ clusters and their relative orbital
angular momentum (ℓ = 1). Details of the wave functions in the relativistic harmonic oscil-
lator model can be found in [14]. Some estimates regarding the strangeness content in the
nucleon advocate a few percent [10,13]. Otherwise, calculations based on the inclusion of
extra kaonic degrees of freedom within a perturbative treatment give more than an order of
magnitude smaller value of hidden strangeness [14,22] which is, however, likely to be domi-
nated by nonperturbative effects [23]. That is the reason why we consider φ bremsstrahlung
and φ shake-off independently.
We assume here as above that the exchanged effective mesons interact with the uud
cluster as with a structureless particle and parameterize this interaction within the effective
two-body T matrix. The ss¯ component is considered as spectator, that means only the
configuration with spin Sss¯ = 1 is realized. The corresponding T matrix element is calculated
in the rest frame of the splitting nucleon (pa = (MN , 0)) and it is expressed by
T rmcmd;mamb [ab : cd]s.o. =
∑
m=pi,ρ,ω,σ
∑
mx
M r N→Nφmx;ma T
(m)NN→NN
mcmd;mxmb
(pc, pd; p
′
a, pb) (20)
with T (m)NN→NN as effective two-body T matrix
T (m)NN→NNmcmd;mxmb (pc, pd; p
′
a, pb) = (u¯(pc, mc)Γ
m u(p′amx)) [−iDm] (u¯(pd, md)Γm u(pb, mb)) (21)
and with the vertices and propagators as in Eq. (18). The transition amplitude reads
M r N→Nφmx;ma = −iCM
√
3
2
∑〈
1mφ1m
∣∣∣jmj〉
〈
jmj
1
2
mx
∣∣∣1
2
ma
〉
qˆLm d
1
mφr
(ϑ),
with
7
CM = A
∗Ba1
V (qL)
γφ γ2c
, (22)
and p′a = zpa, where z ≃ 0.5 is the momentum fraction carried by the uud cluster, qL
denotes the φ momentum in the laboratory system, qˆLm is its projected unit vector in the
circular basis, and V (k) stands for the wave function of the relative motion normalized as∫
dkV 2(k)/((2π)32
√
(k2 +M2φ)) = 1; γφ,c is the corresponding Lorentz factor which reflects
the Lorentz contraction in the relativistic constituent model. In our calculations we use a
Gaussian distribution V (x) = Nx exp(−x2/2Ω) with √Ω = 2.41 fm−1 [14,17].
By making use of the numerical values of the Clebsch-Gordan coefficients we get the final
expression for the amplitude MN→Nφ in the form
M rN→NΦmx;ma = −i CM
√
1
2
∑
mφ=0.±1
( δmφ0 ( − qˆLz δmamx + (2ma)δ−mamx qˆL⊥
1√
2
)
+δ|mφ|1 ( qˆ
L
z δ−mamx δmamφ/2 + δmamx qˆ
L
⊥
(
mφ√
2
−ma
)
) ) d1mφr(ϑ). (23)
The two body scattering amplitude T (m)NN→NNmcmd;mxmb for each exchange meson is found straight-
forwardly by using the functions Π and Σ in the Appendix. The final amplitude contains a
sum over all exchanged mesons and consists of 2 direct and 2 exchange amplitudes for the
pp reaction, and 2 direct and 0 (ω, σ) or 2 (π, ρ) exchange amplitudes for the pn reaction to
be taken with their proper isospin factors ξmpp(pn) as in Eq. (14).
IV. FIXING PARAMETERS
The parameters of the two-body T matrix for φ bremsstrahlung (Fig. 1b) and shake-off
(Fig. 1c) are taken from Refs. [16,18] where quite reasonable agreement with data of different
elastic and inelastic NN reactions is found.
The coupling constant gφρpi is determined by the φ → ρπ decay. The recent value
Γ(φ→ ρπ) = 0.69 MeV results in gφρpi = 1.10 GeV−1. The remaining parameters of the OBE
amplitude for the process 1a are taken from the Bonn model as listed in Table B.1 (Model II)
of Ref. [24]. The cut-off parameter Λρφρpi = 2.9 GeV is adjusted by a comparison of additional
calculations including the channels discussed above and data [25] for the π−p→ nφ reaction.
Note, that on this stage the result is not sensitive to the specific OBE model of the πp
reaction, where Λρφρpi is used as fit parameter, that is, one can fit the data also with any
other OBE model by using Λρφρpi as a free parameter. Turning to the pp reaction, however, we
find that the cut-off Λpiφρpi represents the main uncertainty of the model. In would be perfect
to find it from the unpolarized cross section in this energy region and after that to study
the polarization observables. Lacking precise data one has to use some reasonable guess
which make our finite energy prediction rather qualitative estimates than exact predictions.
However, as we show in the next section, some of the threshold prediction are ”parameter
independent”. In any case, using our model one can easily refine our finite energy prediction
when the needed data on unpolarized φ production are available and fix Λpiφρpi. The value
Λpiφρpi = 0.77 GeV is provided by an analysis of the photoproduction of vector mesons [26],
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and we use here this value having in mind, however, that the symmetry of the off-shell
mesons in the φρπ vertex would suggest Λpiφρpi = Λ
ρ
φρpi which can be employed as another
reference value.
Note that the OBE model describes the data [25] in a limited region of ∆pi−p→nφ ≡√
s −MN −Mφ ≤ 0.15 GeV. At higher energies the OBE model overestimates the data.
(In this region one could use an energy depending suppression factor at the vertices as in
Ref. [1]).
Another type of uncertainty is related to the total phase (η = exp(−iδ)) of the two-body
T matrix. In the effective theory of Refs. [18,16] one fixes only the relative phase between
different exchange amplitudes and, therefore, there are different possible solutions. The
most natural one is the assumption that each exchange amplitude has the same phase as the
pure amplitude of the process 1a, which is known. In this case the two-body T matrix must
be real (δ = 0). In that instant we expect a strong interference between the radiation from
the internal line and the external legs, because both amplitudes are almost real (at least
in coplanar geometry), and a small interference with the radiation from the vertex, where
the amplitude is almost imaginary. The opposite limit is based on the assumption that
the unitary condition SS+ = 1 and the relation S = 1 − iT result in a forward scattering
amplitude which is almost imaginary and negative. The assumption that the effective T
matrix is responsible for the elastic forward scattering constrains the common phase, at
least at small momentum transfer (δ = π/2). In this case one gets a strong interference
between the OBE amplitude 1a and the radiation from vertex 1c, and a small one between
these and the radiation from the legs 1b. The latter assumption is more reliable for high
energy scattering, where the diffractive scattering (i.e. Pomeron exchange) is dominant; in
near-threshold φ production region it has rather a methodical interest. Nevertheless, for
completeness we will consider both cases.
V. THRESHOLD LIMIT
Let us now consider in some detail the threshold limit, where one can neglect terms
proportional to |q|/Mφ, |pc,d|/MN in the amplitude. Spin observables in pp reaction are
universal and do not depend on the specific model. So, for simplicity we first consider the
OBE amplitude for the process 1a.
In the threshold limit the meson propagators and form factors become constants because
they depend on the same variable k2ρ,pi → k20 = −MNMφ, and using the explicit form of the
functions Π,Σ and W (cf. Appendix) we get
Πmdmb =
√
MNMΦ (2mb) cos θb δmdmb ,
Σxmcma = (1− κρ)
√
MNMΦ (2ma) cos θa δ−mamc ,
Σymcma = i(1 − κρ)
√
MNMΦ cos θa δ−mamc
W rmcma =
1
2
(1− κρ)M2Φ
√
MN (4MN +MΦ)
{
ε∗rx + (2ma)iε
∗r
y
}
δ−mamc . (24)
Σ0,z is not operative here, and one can express the amplitude in the simple form
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T r[ab; cd] = T0 U
r[ab; cd]
with
T0 = (1− κρ)K(k20)MNM5/2φ (MN +
1
4
Mφ)
1/2,
K(k20) =
gpiNN gρNN gφρpi
(k20 −m2pi)(k20 −m2ρ)
Λ2pi −m2pi
Λ2pi − k20
Λ2ρ −m2ρ
Λ2ρ − k20
Λρ2φρpi −m2ρ
Λρ2φρpi − k20
Λpi2φρpi −m2pi
Λpi2φρpi − k20
,
U r[ab; cd] = −4
√
2mamb cos θb δ−mamc δmbmd d
1
2mar(θ). (25)
The spin is transferred to the φ meson only in the NNρ vertex by a nucleon spin-flip, and
for T±1(θ = 0) 6= 0 only for ma = ±12 . Summation of |T r|2 over the spin projections mc,d of
the outgoing particles leads to
∑
mc,d
|T rα|2 = 2 T 20 ∆αmamb |d12ma r(θ)|2, (26)
where ∆ppmamb = 8 δmamb , and ∆
pn
mamb
= 2 (1 + 8 δmamb). Using these equations we get the
threshold limits for the beam - target asymmetry CBTzz = 1 for pp collisions. The diagonal
spin density matrix elements are ρthr00 =
1
2
sin2 θ and ρthr±1±1 =
1
2
(1 + cos2 θ). Note that, as
we mentioned above for the pp reaction, this predictions are universal because they reflect
spin and parity conservation for two identical fermions and do not depend on the specific
mechanism. All of the above discussed amplitudes are satisfy the same relations.
For the pn reaction this kind of predictions depend on the model and generally on model
parameters, say, on the relative contribution of neutral and charged meson exchange to
the two-body T matrix in φ bremsstrahlung, shake-off and others. However, for the OBE
amplitude 1a the threshold predictions for the beam-target asymmetry and spin-density
matrix are parameter independent. From Eq. (26) we get for the beam-target asymmetry
CBTzz = 0.8, which means that the ratio of singlet to triplet spin states is
1
9
. The diagonal
spin density matrix elements are the same as in the pp reaction.
Using Eq. (26) we can make an important prediction: the ratio of the unpolarized cross
sections in pn and pp reactions is σnp/σpp = 5/2 · 12 = 5, where the factor 12 in the pp cross
section represents the symmetry factor. This prediction does not depend on the OBE model
parameters. As we shall see below, the OBE amplitude 1a dominates, hence fore we can
expect that the ratio of the corresponding total cross sections would be close to the factor
5.
VI. RESULTS
Our results for the total cross section of the pp reaction are shown in Fig. 2 by the solid
lines. As we mentioned above, the comparison of the momenta at the πρφ vertex in the
NN → NNφ reaction with the πN → Nφ reaction shows a limited reliability of the pure
OBE model to the region of ∆s ≡
√
s − 2MN −Mφ ≤ 0.15 GeV. One can easily extend
the model to a wider energy region, say ∆s ∼ 1 GeV, by reducing the cross section with
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the effective cut-off factor ∝ exp(−0.8∆s) resulting from the energy depending coupling
strengths in Ref. [16]. The resulting cross section is shown by the dashed lines.
Triangles in Fig. 2 show our prediction for the φ bremsstrahlung contribution 1b. Open
and full circles show the predictions for the shake-off channel 1c with a strangeness proba-
bilities B2 = 0.01 and 0.05, respectively. The dot-dashed lines show the contributions from
the pure OBE channel 1a. The φ bremsstrahlung and shake-off contributions have the same
order of magnitude. The shake-off channel in this reaction is reduced strongly by the form
factor V in Eq. (22). The solid lines show the coherent sum of all amplitudes with B2 = 0.05.
The left (right) panel in Fig. 2 displays the result for a purely real (imaginary) phase of the
two-body T matrix. The interference between the pure OBE amplitude 1a and the shake-off
amplitude 1c in the first case is rather small and therefore the difference between the results
of the shake off with a1 = ±1 is not seen. But it may be seen, in principle, in second
case, where the positive value of a1 is marked by crosses. In spite of the difference between
the separate contributions of the conventional OBE channel 1a and the exotic φ production
channels, which is more than an order of magnitude at ∆s ≃ 0.1 GeV for the above given
parameters and gφNN ≃ −0.24 and B2 ≤ 0.05, the interference may amount up to 50% of
the total cross section.
The cross section for the pn reaction is greater by a factor ≃ 5 as given already in our
threshold-near prediction.
The interference between the conventional OBE process 1a and the other exotic φ chan-
nels 1b,c is much stronger in polarization observables. Fig. 3 shows our finite-energy predic-
tions for the beam - target asymmetry Eq. (1) as a function of the φ production angle θ at
fixed recoil nucleon angles θp′ , ϕp′ = π at ∆s = 0.1 GeV and |q| = 23λ(s,M2φ, 4M2N)/(2
√
s)
for the pp reaction for separate channels (λ is the usual triangle function). The contribution
from the OBE channel 1a is depicted by the dot-dashed line, while the φ bremsstrahlung
contribution 1b is marked by triangles, and the φ shake-off process 1c is marked by dots.
The threshold prediction is the dashed line.
One can see that the asymmetry for the conventional OBE channel 1a and the φ
bremsstrahlung channel 1b are qualitatively very similar. But in the case of a real phase of
the two-body T matrix there is a strong ”destructive” interference in the asymmetry which
forces a significant decrease of the total asymmetry. This is shown in Fig. 4 (left panel) where
we display the beam - target asymmetry as a coherent sum of all channels. Solid, dotted
and dash-dotted lines correspond to B2 = 0., 0.01 and 0.05, respectively. The contribution
from the shake-off process is rather small. The strong decrease of the total asymmetry may
be considered even as interesting quantitative manifestation of the φ bremsstrahlung pro-
cess 1b. If one would use instead of gφNN = −0.24 the same positive quantity, then the
asymmetry results in much larger values 0.4 · · · 0.6; the corresponding result is marked by
crosses.
The right panel of Fig. 4 illustrates the asymmetry for a purely imaginary two-body T
matrix. The crosses mark a positive value of a1 in Eq. (19). The sign of a1 is still unknown.
The area between marked and unmarked dot-dashed lines represents the theoretical uncer-
tainty of the predictions for B2 = 0...0.05. For positive values of a1 the asymmetry differs
noticeably from the pure OBE process 1a prediction and may reach even negative values.
The influence of this uncertainty is smaller for the spin density matrix Eq. (7). Fig. 5
(left panel, same notation as in Fig. 3) depicts ρ00 separately for each channel at ∆s = 0.1
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GeV. The anisotropy of the angular distribution in 2-body decays φ → a+a− is given by
Eqs. (10,11). One can see in Fig. 5 (right panel, same notation as in right panel of Fig. 4)
a strong modification of the anisotropy for φ→ e+e− decays by the shake-off mechanism at
small angles θ. This effect is smaller for K+K− decays. The dotted and dot-dashed lines
marked by diamonds correspond to calculations with real two-body T matrix and B2=0.01
and 0.05, respectively.
In pn reactions all these polarization effects exist too, but they are not so strong as in
the pp reactions. That is because the OBE channel 1a here is a factor of 5 greater, while
the contribution of the ”exotic” channels remains on the same level as in the pp case.
Finally, we would like to mention that the choice Λpiφρpi = 2.9 GeV (instead of 0.77 GeV)
increases the OBE contribution 1a by factor 4 · · · 6, while the other ”exotic”contributions
remain on the same level. This results in a decrease of their relative role in polarization
observables which then become much closer to the pure OBE channel 1a predictions.
VII. SUMMARY
In summary we calculate within an extended OBE model with ”exotic” φ production
channels the cross section and polarization observables for the reaction NN → NNφ. We
predict the threshold behavior of cross sections for polarized and unpolarized reactions.
Above the threshold the polarization observables differ strongly from the threshold pre-
dictions and behave differently for each channel. This means that measurements of the
beam - target asymmetry and anisotropy of the φ decays may reveal the presence of hidden
strangeness and help disentangling various reaction mechanisms.
Acknowledgments: Useful discussions with C.M. Ko, U. Mosel, A.A. Sibirtsev and
members of the DISTO collaboration are gratefully acknowledged. One of the authors
(A.I.T.) acknowledges the warm hospitality of the nuclear theory group in the Research Cen-
ter Rossendorf. This work is supported by the BMBF grant 06DR829/1 and the Heisenberg-
Landau program.
APPENDIX A: FUNCTIONS Π,Σ AND W FOR THE OBE AMPLITUDE
Πmdmb(pb, pd):
Using the definition of the Dirac spinor
u(p) =
√
Ep +M
(
1
ασ · n
)
χ(mp), α ≡
√
Ep −MN
Ep +MN
, (A1)
and the identity
χ+f (σ ·A)χi = 2miAzδmimf + (Ax + 2imiAy)δmi−mf , (A2)
we find
Πmdmb = Cbd [ 2md(αb cos θb − αd cos θd) δmbmd
− αd sin θd exp(−2imdϕd) δmb−md ] , (A3)
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where Cbd =
√
(Eb +MN )(Ed +MN ). When the incoming particle moves along the z axis,
cos θb = ±1.
Σνmcma(kρ):
Calculating Σν(kρ), where kρ = pc − pa, we use Gordon’s identity
u¯(pc) [γ
ν ] u(pa) =
1
2M
u¯(pc)
[
(pa + pc)
ν + iσνν
′
kρν′
]
u(pa). (A4)
which allows to express Σν as the sum
Σνmcma = Σ
ν
1mcma, + Σ
ν
2mcma ,
Σν1mcma =
κρ
2MN
P νacu¯(pc) u(pa),
Σν2mcma = (1− κρ) u¯(pc)γν u(pa) (A5)
with Pac = pa + pc. Direct evaluation of Σ1 gives
Σν1mcma =
κρ
2MN
P νacCac[(1− αaαc cos θa cos θc) δmamc
− 2ma αaαc cos θa sin θc exp(−2imcϕc) δma−mc ]. (A6)
Explicit expressions for the components of Σν2 read
Σ02 ac = (1− κρ)Cac [ (1 + αaαc cos θa cos θc) δmamc
+ 2ma αaαc cos θa sin θc exp(−2imcϕc) δma−mc ], (A7)
Σx2 ac(1− κρ)Cac [ αc sin θc exp(−2imcϕc) δmamc
+ 2ma (αa cos θa − αc cos θc) δma−mc ], (A8)
Σy2 ac = i (1− κρ)Cac [ 2ma αc sin θc exp(2imcϕc) δmamc
+ (αa cos θa − αc cos θc) δma−mc ], (A9)
Σz2 ac = (1− κρ)Cac [ (αa cos θa + αc cos θc) δmamc
+ 2ma αc sin θc exp(−2imcϕc) δma−mc ]. (A10)
W rac(pa, pc):
For calculating W r we use the identity
ǫµναβk
µ
ρ Σ
νqαφε
∗ r,β = kρ0 q · (Σ× ε∗r)− q0kρ · (Σ× ε∗r)
+ Σ0 ε
∗r · (kρ × q)− ε∗r0 Σ · (kρ × q), (A11)
which allows to express amplitude W r in compact form as
W r = i (A ·Cr +B ·Dr) , (A12)
where
A = kρ0q − q0kρ, B = kρ × q,
Cr = Σ× ε∗r Dr = Σ0 ε∗r − ε∗r0 Σ. (A13)
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(for simplicity we skip here the arguments pa, pc, ... in W
r and Σr). The independent φ
meson polarization vectors εr = (εrx, ε
r
y, ε
r
z, ε
r
0) with r = 1, 2, 3, read
ε1 = (cos θ, 0 − sin θ, 0),
ε2 = (0, 1, 0, 0),
ε3 = (γφ sin θ, 0, γφ cos θ, γφvφ), (A14)
where γφ = Eφ/Mφ, vφ = |q|/Eφ. Using the polarization vectors in the helicity basis
ε∗0 = ε3, ε∗±1 = ∓ 1√
2
(ε1 ∓ iε2) (A15)
we get the amplitude in the φ helicity basis as
W 0 = W 3, W±1 = ∓ 1√
2
(W 1 ∓ iW 2), (A16)
which may be directly used in numerical calculations.
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FIG. 1. Diagrammatic representation of processes of the φ production: emission from (a) the
internal meson line, (b) the external nucleon legs, and (c) the exchanged meson - nucleon vertex.
Exchange diagrams are not displayed.
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FIG. 2. The total cross section of the pp → ppφ reaction as a function of the excess energy.
Data (fat dots) from [27]. The individual contributions are shown separately: pure OBE process
1a (dot-dashed lines), φ bremsstrahlung 1b (triangles), φ shake-off (open and filled circles for B2 =
1 and 5%). Solids lines depict the coherent sum of all amplitudes (with B2=0.05), while dashed
lines represent these sums with additional energy depending effective cut-off described in text. Left
panel: real two-body T (the difference between positive and negative values a1 is not seen on this
scale); right panel: purely imaginary two-body T matrix (crosses mark the coherent sum with
positive value of a1).
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FIG. 3. The finite - energy beam-target asymmetry for the pp→ ppφ reaction as a function of
the c.m.s. φ production angle θ for different channels. The contribution from the OBE channel 1a
is the dot-dashed line, the φ bremsstrahlung channel 1b is marked by triangles, and the φ shake-off
1c is marked by dots. The threshold prediction is depicted by the long-dashed line.
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FIG. 4. The beam-target asymmetry as a coherent sum of all channels. Solid, dotted and
dot-dashed lines correspond to B2=0., 0.01 and 0.05, respectively. Left panel: real two-body T
matrix (the difference between positive and negative a1 values is not visible on this scale; crosses
indicate the result for gφNN = +0.24); right panel: imaginary two-body T matrix (a positive value
of a1 is marked by crosses). The threshold prediction is depicted by the long-dashed line.
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FIG. 5. The spin density matrix element ρ00 separately for different channels (left panel;
notation as in Fig. 3) and the asymmetry of φ → e+e− decays normalized to the threshold value
(right panel; for an imaginary two body T matrix; notation as in right panel of Fig. 4; the results
for a real phase are marked by diamonds).
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